Synchronous binary asteroids may exist in a long-term stable equilibrium, where the opposing torques from mutual body tides and the binary YORP (BYORP) effect cancel. Interior of this equilibrium, mutual body tides are stronger than the BYORP effect and the mutual orbit semi-major axis expands to the equilibrium; outside of the equilibrium, the BYORP effect dominates the evolution and the system semi-major axis will contract to the equilibrium. If the observed population of small (0.1 -10 km diameter) synchronous binaries are in static configurations that are no longer evolving, then this would be confirmed by a null result in the observational tests for the BYORP effect. The confirmed existence of this equilibrium combined with a shape model of the secondary of the system enables the direct study of asteroid geophysics through the tidal theory. The observed synchronous asteroid population cannot exist in this equilibrium if described by the canonical "monolithic" geophysical model. The
Introduction
Synchronous binary asteroid systems may now provide a method of directly probing an asteroid's internal structure. They may be inhabiting a long-term stable equilibrium created by the opposing torques from mutual body tides and the binary YORP (BYORP) effect. From the tidal theory, this equilibrium would allow direct study of an asteroid's geophysics for the first time.
This potential equilibrium was suggested as a possibility by Goldreich & Sari (2009) , but not fully explored.
For this long-term stable equilibrium to exist, the internal structure of binary asteroids must be different than the usually assumed "monolithic" canonical internal structure developed for astrophysical bodies (Darwin 1879; Love 1927; Goldreich 1963; Kaula 1964) . Since the canonical theory was determined by studying much larger, hydrostatically balanced bodies under simplifying continuum mechanical approximations, it is not surprising that this theory does not encompass small, very low gravity, "rubble pile" asteroids. Goldreich & Sari (2009) derived an alternative theory for the internal structure by modifying the continuum mechanical approximations to include the effect of voids in the "rubble pile" structure. As they noted, this new internal structure does allow for this equilibrium to be stable in eccentricity.
We study the internal structure of synchronous binary asteroid systems by making two observationally and theoretically motivated assumptions. First, these binaries formed via rotational fission and so share a common parent body (Margot et al. 2002; Scheeres 2007; Walsh et al. 2008; Jacobson & Scheeres 2011) . Each component of the binary will share the same intensive properties such as density ρ, tidal dissipation number Q, rigidity µ, and yield strain ǫ Y . Extensive properties such as radius R, mass ratio 1 q, and tidal Love number k 1 Defined as the mass of the smaller (secondary) component divided by the mass of the larger (primary) component of the binary.
depend on the absolute sizes of the binary members.
Second, these systems are observed proportional to the total time they spend in each state of their evolution. Binary asteroid systems comprise a significant fraction (15 ± 4%) of the NEA population (Margot et al. 2002; Pravec et al. 2006) . BothĆuk (2007) and determined that if the BYORP effect dominates the evolution, then synchronous binaries can disrupt in much less than a million years, requiring frequent binary creation to maintain the observed population. If binaries are trapped in a long-term stable equilibrium, then binary creation could be infrequent. This conclusion is corroborated by evidence that the binary formation process from rotational fission is inefficient, requiring many rotational fission events per asteroid (taking many YORP timescales), in order to create a stable binary system that does not immediately disrupt (Jacobson & Scheeres 2011) . The observed synchronous binary population may be residing in this equilibrium.
After the formation of a stable binary asteroid system via rotational fission (or some other mechanism), tides immediately begin to dissipate energy from the system through the mechanical stressing of each body. The fastest process is the synchronization of the secondary which occurs because of tides raised on the secondary by the primary (Goldreich 1963; Goldreich & Sari 2009 ).
This process is often referred to as tidal locking of the satellite. After the secondary has been synchronized, the system will evolve due to both tides and the BYORP effect, which requires a synchronous secondary.
Tidal Evolution
Relative motion between components in a binary system leads to tidal dissipation of energy and the transfer of angular momentum between spin and orbit states. Assuming spherical, homogenous bodies with identical compositions and a mutual orbit with low eccentricity, an asteroid's first order geophysics can be characterized by two parameters: the tidal Love number and the tidal dissipation number. The tidal Love number k is the ratio of the additional gravitational potential produced by the redistribution of mass relative to the deforming potential, and theoretically is thought to depend on the size and internal properties of the body. The tidal dissipation number Q describes how effective the body is at tidally dissipating energy. It is a quality factor defined as: dt is the energy dissipated over one cycle.
As stated before, tides raised on the primary by the secondary synchronize the spin of the secondary to the mutual orbit period; this is the fastest tidal evolutionary process (Goldreich 1963; Goldreich & Sari 2009 ). Tidal evolution continues after synchronization of the secondary. As tides dissipate energy from the rotation states of binary members, the semi-major axis and the eccentricity of the mutual orbit change over time. Only after the rotation period of the primary is synchronous with the mutual orbital period as well and the system is thus doubly (completely) synchronous will binary systems not experience any tidal evolution.
When the system is singly synchronous, tides raised on the primary by the secondary cause the semi-major axis to expand. From the first order theory, the semi-major axis time rate of change due to tides is:ȧ
where a is the semi-major axis measured in primary radii R p , k p is the tidal Love number of the primary, ω d = (4πGρ/3) 1/2 is the surface disruption spin limit for a sphere, and G is the gravitational constant (Murray & Dermott 1999) . Due to the fast rotation of the primary compared to the mean motion, tidal evolution always expands the semi-major axis of the binary system.
Tides raised on the primary by the secondary cause the eccentricity to grow, while tides raised on the secondary by the primary cause eccentricity to damp. From the first order theory, the tidal eccentricity time rate of change due to tides is:
where e is the eccentricity and k s is the tidal Love number of the secondary (Murray & Dermott 1999) . Tidal evolution can cause excitation or damping of the eccentricity depending on the system mass ratio and the tidal Love numbers of each component.
There are two developed theories for the internal structure of asteroids: "monolith" and "rubble pile." Evidence that asteroids have a "rubble pile" internal structure rather than a "monolithic" interior includes: the Hayabusa mission to Itokawa showing no obvious impact craters and the appearance of a structure made entirely from shattered fragments of different size scales (Fujiwara et al. 2006) , numerical modeling of collisions of asteroids (Michel et al. 2001 ), mass and volume measurements from the NEAR Shoemaker flyby of Mathilde (Yeomans et al. 1997 ) and radar observations of 1999 KW 4 (Ostro et al. 2006) showing mean densities that are lower than their constitutive elements, the rotational speed limit period (∼ 2.2 hours) observed amongst asteroids with diameters larger than ∼ 200 m, which corresponds to the critical disruption spin rate of a self-gravitating, strengthless body , and that rotational fission of strengthless bodies is responsible for the asteroid pair population ). All of this evidence suggests that a "rubble pile" internal structure is a more realistic assessment than a "monolith" internal structure, however for completeness we will consider both theories. The two theories become distinct when assessing the functional form of the tidal Love number.
The dimensionless rigidity of the bodyμ, which can be thought of as the ratio of the fluid strain to the elastic strain, can be used to defined the tidal Love number: k = 1.5/(1 +μ) ≈ 1.5/μ, this approximation is true when the fluid strain dominates the elastic strain (Goldreich & Sari 2009 ). According to the canonical "monolith" theory the dimensionless rigidity has the form
, where µ is the rigidity of the body. To first order, the tidal Love number for a "monolith" depends on the size of the body as k M ∝ R 2 .
Goldreich & Sari (2009) developed an alternative "rubble pile" tidal Love number theory by studying how introducing voids increases the stress across contact areas. The dimensionless rigidity of a "rubble pile" is smaller than that of a "monolith" of the same size. Using conceptual and dimensional arguments, Goldreich & Sari (2009) determine that the "rubble pile" dimensionless rigidity should scale asμ R (μ/ǫ Y ) 1/2 where ǫ Y is the yield strain. To first order, the tidal Love number for a "rubble pile" depends on the size of the body as k R ∝ R. Both of these theories will be explored in later sections.
BYORP Evolution
The BYORP effect is the summation of radiative effects on a synchronous sec- using averaging theory showed that this effect secularly evolves both the semi-major axis and the eccentricity, because radiative forces acting on asymmetries in the shape of the secondary create torques on the mutual orbit that persist after averaging over the mutual orbit, the heliocentric orbit, and the precession of the node. To first order, the evolution of the semi-major axis and the eccentricity only depends upon a single constant term B that represents the averaged acceleration in the direction parallel to the motion of the secondary . The BYORP coefficient B depends only on the shape of the secondary, and can be thought of as a ratio relating the asymmetric area, on which the average force of the BYORP effect acts, to the total area. A symmetric body-a sphere or an ellipsoid-has a value: B = 0. The BYORP coefficient has a maximum magnitude: B = 2 in either direction, but commonly has a small value: B ∼ 10 −3 . The BYORP effect can either expand or shrink the semi-major axis, with the sign of the eccentricity evolution always opposite that of the semi-major axis evolution. From the first order theory, the evolution of the semi-major axis and eccentricity is:ȧ
where
, F ⊙ is the solar radiation constant, and a ⊙ and e ⊙ are the heliocentric semi-major axis and eccentricity ).
Joint Evolution
Synchronous binary asteroids will evolve under the influence of both tides and BYORP.
There are two scenarios: joint expansive evolution and joint opposing evolution depending on the direction of the BYORP torque, which nominally has an equal chance of pointing in either direction. Both tides and the BYORP effect can change the energy of the system over time, and the BYORP effect can also changes the system angular momentum. It is convenient to define a parameter A, which compares the strengths of these two effects on the semi-major axis of the system, and E which does the same for the eccentricity:
where K = k s /(k p q 1/3 ) is an important tidal Love number relation. For the "monolith" model k ∝ R 2 , so K = q 1/3 , and for the "rubble pile" model k ∝ R, so K = 1. If A < 1 then the BYORP effect dominates semi-major axis evolution, A > 1 then tides dominate the semi-major axis evolution, and if A = 1 then the two are balanced and the system semi-major axis will not evolve via either effect. Which effect dominates eccentricity is shown similarly by E.
Joint Expansive Evolution
During joint expansive evolution, both effects are growing the semi-major axis. Tides are removing energy by spinning down the primary and transferring angular momentum from the primary spin to the orbit, while the BYORP effect is directly adding both energy and angular momentum to the orbit. The eccentricity of the mutual orbit can be excited or damped depending on the system mass ratio and the tidal Love numbers of the components. The condition for stability or damping in eccentricity is:
For "monoliths," K = q 1/3 and so low mass ratio systems can have growing eccentricity, if q < (19/28) 3 and A > 2/(19 − 28q 1/3 ). For "rubble pile" systems, K = 1 and thus the condition is always satisfied, and so the eccentricity of binary asteroids with "rubble pile" internal structures will always damp.
Since the semi-major axis growth is always positive, systems that damp eccentricity will grow towards the Hill sphere and eventually disrupt, disregarding the possible evolutionary paths ofĆuk & Nesvorný (2010). Systems that grow in both semi-major axis and eccentricity will do so until the evolutionary equations in the first order theory no longer apply and more complicated dynamics become dominant.
Joint Opposing Evolution
During joint opposing evolution, tides are acting to grow the semi-major axis, but the BYORP effect is acting to shrink it. Thus the system evolves towards an equilibrium point, where these two effects balance. An equilibrium exists for the evolution of the semi-major axis at
This is a stable equilibrium, and regardless of the initial semi-major axis, the system will evolve in semi-major axis to this equilibrium point. Tides are still transferring angular momentum to the orbit and removing energy from the system, but now the BYORP effect is removing angular momentum and energy from the system. Interior to the equilibrium semi-major axis, tides dominate and the orbit grows due to the increase of angular momentum to the orbit. Exterior to the equilibrium, the BYORP effect controls the evolution and the orbit shrinks due to the decrease of orbital angular momentum. At the equilibrium the amount of angular momentum removed from the orbit equals the amount tidally transferred into the orbit from the primary, de-spinning it. The torque on the primary is equal in strength to the BYORP torque Γ B and so the rate of the de-spinning of the primary is:
The eccentricity of the mutual orbit can be excited or damped depending on the system mass ratio and the tidal Love numbers of the components. The condition for stable evolution without growth in eccentricity is:
For "monolith" asteroids, K = q 1/3 and so it is possible for any mass ratio system to be unstable in eccentricity if A < 2/(28q 1/3 − 19) and in fact, any system with a mass ratio q < (19/28) 3 ≈ 0.31 will be unstable regardless of A. At the equilibrium, A = 1 and so binaries with "monolith" internal structures will grow in eccentricity if the system mass ratio q < 27/64 ≈ 0.42. This would exclude the observed synchronous binaries from existing in this equilibrium condition, since they all have mass ratios q < 0.2 as shown in Table 1 . Therefore these systems might enter equilibrium but could not remain there for a long period of time since their eccentricities would continue to grow.
For binary asteroids with "rubble pile" internal structures, K = 1 and the stability condition is always satisfied, and thus the eccentricity will always be damped. Thus the observed synchronous binary population can exist in the equilibrium without growth in eccentricity.
Implications for the Synchronous Binary Asteroid Population:
If the observed synchronous population is assumed to be in this joint opposing evolutionary equilibrium state, then A = 1 and Eqn. 5 is solved for the three unknown quantities (B, Q, and k p ): Fig. 1 plots BQ/k p for each of the known synchronous binary systems using observational data (Pravec et al. 2006; . The tidal dissipation number Q is an intensive property that we expect to be similar for all of these bodies, and for small bodies has been estimated to be Q = 10 2 (Goldreich & Soter 1966) . The scatter and size dependence in Fig. 1 should be from B and k p , respectively. The BYORP coefficient B does not depend on size; B If a power law is fit to the logarithmic data, then the best fit is BQ/k p = 4 × 10 3 R p (shown as the solid line in the bottom plot of Fig. 1 ). Using the same models for B and Q as above, then the tidal Love number dependence is k p = 2.5 × 10 −5 R −1 p . Systems with this tidal Love number dependence are stable in eccentricity at the long-term equilibrium in semi-major axis. Deviations from this model do not appear to have a dependance on primary radius, and furthermore the scatter follows our expectations for scatter due to the BYORP coefficient, namely that the largest deviations are about two orders below, while most systems fall within an order below and above.
Conclusions
Small, synchronous binary asteroids may be residing in a long-term stable equilibrium.
To inhabit the equilibria, asteroids cannot have a "monolith" internal structure but must have "rubble pile" interior. The tidal Love number is expected to vary with size, however the data suggest k ∝ R −1 , which is different than the k R ∝ R predicted by the Goldreich & Sari (2009) "rubble pile" theory. This may highlight the difficulty of using a modified continuum theory to model "rubble piles." This suggests that the tidal Love number theory is incomplete, and future work should examine this closely.
Current campaigns to detect the BYORP effect may not achieve the results predicted by previous studies (Pravec & Scheirich 2010; . Tides may have stopped the synchronous population from evolving long ago. Existence of a long-lived equilibrium prevents rapid disruption due to the BYORP effect, and so binary formation at a furious rate is no longer required to maintain a steady-state synchronous binary population. It may take many years of observation in order to conclude that systems are in this equilibrium and are truly no longer evolving.
In the future, if B is determined through secondary shape modeling for each system, the geophysical parameters Q/k could be assessed directly. 
